Enantioselective total synthesis of atpenin A5, a potent mitochondrial complex II (succinate-ubiquinone oxidoreductase) inhibitor, has been achieved by a convergent approach through a coupling reaction between 5-iodo-2,3,4,6-tetraalkoxypyridine and a side-chain aldehyde. The two key segments were synthesized through ortho-metalation/boronation with (MeO) 3 B/oxidation with mCPBA, ortho-iodination, halogen dance reaction, Sharpless epoxidation and regioselective epoxide-opening reaction. This synthetic study resulted in the revision of the earlier reported 1 H-NMR data of the natural atpenin A5 and the confirmation of the stereochemical assignment.
INTRODUCTION
Atpenins 1,2 were first isolated from the fermentation broth of a fungal strain, Penicillium sp. FO-125, as growth inhibitors of both fatty acid synthase-deficient (A-1) and acyl-CoA synthase I-deficient (L-7) mutants of Candida lipolytica and atpenin B were shown to inhibit the ATP-generating system of Raji cells (Figure 1 ). They inhibited the growth of filamentous fungi. The absolute configuration of atpenin A4 (2) was confirmed by X-ray crystallographic analysis. 3 The total synthesis of (±)-atpenin B (1) was reported by Quéguiner and coworkers. 4 Recently, atpenins were rediscovered as a result of microbial screening for mitochondrial complex II (succinate-ubiquinone oxidoreductase) inhibitors. 5 Among them, atpenin A5 (3) proved to be much more potent against bovine heart complex II than known complex II inhibitors. Furthermore, the crystal structure analysis of Escherichia coli complex II-atpenin A5 (3) complex has been achieved, and catalytic reduction of quinone was suggested to occur at the atpenin-binding site of E. coli complex II. 6 As described, atpenins are expected to be useful as biochemical tools in the molecular-biological research of complex II. We report herein the enantioselective total synthesis of atpenin A5 (3) by a convergent strategy through a coupling reaction between 2,3,4,6-tetraalkoxypyridine (4a) and a side-chain aldehyde (5) , as shown in Figure 2 . The 2,3,4,6-tetraalkoxypyridine (4a) would be constructed from 2-chloro-3-pyridinol (6) through the modified Quéguiner's procedure as follows: (1) directed ortho-lithiation/iodination, (2) halogen dance reaction 7 and (3) installation of a hydroxy group on the pyridine ring through a one-pot procedure by a sequence of reactions, and halo-lithium exchange/quenching with (MeO) 3 B/ oxidation. The side-chain aldehyde 5 could be synthesized from a commercially available chiral ester 7 by Sharpless asymmetric epoxidation 8 and regioselective epoxide opening as key reactions.
RESULTS AND DISCUSSION
The synthesis of 4a began with the conversion of the commercially available 2-chloro-3-pyridinol 6 into a known 4-hydroxypyridine 8 (51%, 3 steps), according to the Quéguiner's atpenin B synthesis 4 (Scheme 1). In the earlier synthesis, the next key reaction was a directed ortho-lithiation, followed by bromination, in which the use of a diisopropyl carbamate group as a protecting group for the 4-hydroxy group was essential for the directed ortho-lithiation. However, the treatment required to deprotect the diisopropyl carbamate group in the final stage of total synthesis (5 M solution of KOH in methanol under reflux) would lead to significant epimerization at the C8 position (in atpenin A5 numbering). Therefore, we looked at other approaches to provide 5-halogenation and protection of the 4-hydroxy group. After various unfruitful trials, the problem was solved by a very simple and mild method, in which 8 was treated with K 2 CO 3 and I 2 in water (for similar reaction conditions, see Kay et al. 9 ) to afford the desired 4-hydroxy-5-iodopyridine 9 in 75% yield. This modification allowed the use of an easily removable protecting group and led us to the synthesis of an MOM ether 10 (90% yield). Subsequent halogen dance reaction of 10 with lithium diisopropylamide smoothly proceeded to afford 6-iodopyridine 11 in 75% yield. Treatment of 11 with n-butyl lithium for halo-lithium exchange, boronation with (MeO) 3 B and oxidation with mCPBA (used instead of trifluoroperacetic acid because of its ease in handling) gave 6-hydroxy-5-iodopyridine 13, not 12, in 76% yield with good reproducibility. The iodopyridinol 13 would be obtained by ortho-iodination of 12 with iodine, which was easily generated in situ by oxidation of the iodide with mCPBA under basic conditions. The iodopyridinol 13 was protected as an MOM ether to furnish 5-iodo-2,3,4,6-tetraalkoxypyridine 4b in a quantitative yield, which is the desirable alternative to 2,3,4,6-tetraalkoxypyridine 4a in terms of the coupling reaction with the side chain 5.
The stereoselective construction of the other required fragment, aldehyde 5, was carried out as summarized in Scheme 2. A readily available alcohol 14 (Komatsu et al., 10 enantiomeric excess was determined by 19 F-NMR spectroscopy after esterification with Mosher's acid.), derived from the commercially available ester 7, was subjected to tosylation, followed by a nucleophilic substitution reaction with potassium cyanide to give nitrile 16 quantitatively over two steps. The cyano group in 16 was reduced with DIBAL to afford a known aldehyde 17 in 73% yield. 11 Subsequent two-carbon elongation with Ph 3 P¼CHCO 2 Et provided 18 in 85% yield. Reduction of the ethyl ester 18 with DIBAL, followed by Sharpless asymmetric epoxidation with (À)-DET, afforded the desired epoxy alcohol 20 as a single diastereomer in 91% yield over two steps. (The epoxidation of the corresponding allyl alcohol with mCPBA as a simple achiral epoxidizing agent gave a 1:1 diastereomixture of the epoxy alcohol.) Alcohol 20 was protected as a trityl ether and subjected to the regioselective epoxide-opening reaction with Me 2 CuLi and BF 3 Et 2 O 12 to furnish alcohol 22 as a single diastereomer in 94% yield over two steps. Birch reduction to remove the trityl group gave diol 23 in 85% yield. Bischlorination by treatment of diol 23 with NCS and PPh 3 followed by deprotection of the TIPS ether with TBAF, gave 24 in 65% yield over two steps. 13 Oxidation of alcohol 24 with TEMPO and PhI(OAc) 2 afforded the key fragment 5 in 81% yield.
With the required fragments, 4b and 5, in hand, coupling reaction was attempted as the next key step (Scheme 3). Halo-lithium exchange of 4b with n-BuLi, followed by treatment of aldehyde 5 gave the desired coupled product 25 as a diastereomixture in 83% yield. Oxidation of 25 with Dess-Martin periodinane provided 26 in 86% yield. Finally, cleavage of the bis-MOM ether in 26 with TFA afforded atpenin A5 (3) in 93% yield. However, the 1 H-NMR spectrum of our synthetic atpenin A5 (3) had different chemical shifts from those reported in the literature for the natural product, although the peak patterns were quite similar. As a result, we re-measured the 1 H-NMR spectrum of the natural atpenin A5 (3) and found that the earlier reported data were incorrect. In fact, our synthetic atpenin A5 (3) was completely identical to an authentic sample in all respects. Enantioselective total synthesis of atpenin A5 M Ohtawa et al
In summary, the first enantioselective total synthesis of atpenin A5 has been achieved by a convergent approach. The syntheses of the other congeners (A4 and B), and the analogs as well as the biological evaluation of 3, are currently in progress in our laboratories.
EXPERIMENTAL SECTION General
Melting points were measured with a Yanagimoto MP apparatus (Yanagimoto, Kyoto, Japan) and remain uncorrected. UV and IR spectra were obtained using an Agilent 8453 spectrophotometer (Agilent Technologies, Waldbornn, Germany) and a Horiba FT-710 spectrophotometer (Horiba, Kyoto, Japan) respectively. 1 H-and 13 C-NMR spectra were obtained on JEOL JNM-EX-270 (JEOL, Tokyo, Japan), Mercury-300 (Varian, Palo Alto, CA, USA), UNITY-400 (Varian) and INOVA-600 (Varian) spectrometers, and chemical shifts were reported on the d scale from internal TMS. MS spectra were measured with JEOL JMS-700 (JEOL) and JEOL JMS-AX505HA (JEOL) spectrometers. Optical rotations were recorded on a JASCO DIP-1000 polarimeter (JASCO, Tokyo, Japan). Elemental analyses were performed on a Yanako-MT5 (Yanako, Kyoto, Japan). Commercial reagents were used without further purification unless otherwise indicated. Organic solvents were distilled and dried over molecular sieves (3 or 4 Å ). Reactions were carried out in a flame-dried glassware under positive Ar pressure while stirring with a magnetic stirbar unless otherwise indicated. Flash chromatography was carried out on silica gel 60N (spherical, neutral, particle size 40-50 mm). TLC was performed on 0.25 mm E Merck silica gel 60 F254 plates and visualized by UV (254 nm) and cerium ammonium molybdenate.
5-Iodo-2,3-dimethoxypyridin-4-ol (9)
A solution of 2,3-dimethoxypyridin-4-ol 8 (440 mg, 2.84 mmol) in H 2 O (6.3 ml) was treated with K 2 CO 3 (785 mg, 5.68 mmol) and I 2 (742 mg, 2.93 mmol). The reaction mixture was stirred at room temperature for 1 h, 6-Iodo-2,3-dimethoxy-4-(methoxymethoxy)pyridine (11) To a solution of iPr 2 NH (67 ml, 471 mmol) in THF (0.4 ml) was added dropwise n-BuLi (1.61 M in hexane, 293 ml, 471 mmol). After stirring for 30 min at 0 1C, a solution of 10 (51.0 mg, 157 mmol) in THF (0.4 ml) was added at À40 1C, and the resulting mixture was further stirred for 1 h at À40 1C. 
3-Iodo-5,6-dimethoxy-2,4-bis(methoxymethoxy)pyridine (4b)
A solution of 13 (29.3 mg, 85.9 mmol) in DMF (1.0 ml) was treated with NaH (60%, 5.0 mg, 129 mmol) and MOMCl (8 ml, 103 mmol), and the mixture was stirred at room temperature for 1 h. 
(S)-3-Methyl-4-(triisopropylsilyloxy)butanenitrile (16)
A solution of 15 (1.31 g, 3.25 mmol) in DMSO (3.3 ml) was treated with KCN (210 mg, 3.25 mmol). After stirring at 100 1C for 1.5 h, the resulting solution was partitioned between EtOAc and H 2 O. The aqueous layer was extracted with EtOAc, and the organic layers were combined, dried over Na 2 SO 4 , filtered and concentrated in vacuo. 
(S)-3-Methyl-4-(triisopropylsilyloxy)butanal (17)
A solution of 16 (850 mg, 3.33 mmol) in CH 2 Cl 2 (16 ml) was treated with DIBAL (1.02 M in hexane, 7.5 ml, 7.65 mmol) at À78 1C. After stirring for 1 h at À78 1C, 3 N aqueous HCl solution was added to the mixture. The aqueous layer was extracted with EtOAc, and the organic layers were combined, dried over Na 2 SO 4 , filtered and concentrated in vacuo. The residue was purified by silica gel flash column chromatography (20 : 1 hexanes/EtOAc) to afford 17 (630 mg, 73%) as a colorless oil. The physical properties of 17 were completely identical to those reported in the literature. 11 
(S,E)-Ethyl 5-methyl-6-(triisopropylsilyloxy)hex-2-enoate (18)
A solution of 17 (630 mg, 2.44 mmol) in benzene (24 ml) was treated with (carbethoxymethylene)triphenylphosphorane (1.70 g, 4.88 mmol). After stirring at 50 1C for 24 h, the resulting solution was partitioned between EtOAc and H 2 O. The aqueous layer was extracted with EtOAc, and the organic layers were combined, dried over Na 2 SO 4 , filtered and concentrated in vacuo. 81 (m, 1H), 1.75À1.65 (m, 1H), 1.12À1.02 (m, 3H), 1.06 (bs, 18H) 
{(2R,3R)-3-[(S)-2-Methyl-3-(triisopropylsilyloxy)propyl] oxiran-2-yl}methanol (20)
A mixture of Ti(OiPr) 4 (3.2 ml, 10.8 mmol) and 4 Å MS (1.24 g) in CH 2 Cl 2 (50 ml) was treated with (À)-DET (1.9 ml, 10.8 mmol), and the solution was vigorously stirred at À5 1C for 0.5 h. TBHP (5.0-6.0 M in decane, 4.4 ml, 21.6 mmol) was slowly added to the above mixture, and the solution was stirred at À20 1C for 20 min. A solution of 19 (3.10 g, 10.8 mmol) in CH 2 Cl 2 (58 ml) was added to the above mixture, and the solution was stirred at À20 1C for 10.5 h. After Me 2 S (1.19 ml, 16.2 mmol) was added, the mixture was further stirred at À20 1C for 1 h. The resulting mixture was diluted with Et 2 O, treated with celite (6.50 g) and Na 2 SO 4 10H 2 O (6.50 g), and then stirred for 2 h at room temperature. The resulting suspension was filtered through a pad of celite, and the filtrate was concentrated in vacuo. A solution of 23 (211 mg, 0.660 mmol) in THF (3.3 ml) was treated with NCS (266 mg, 1.99 mmol) and PPh 3 (552 mg, 1.99 mmol), and the mixture was stirred at 60 1C for 3 h. The resulting solution was partitioned between CH 2 Cl 2 and H 2 O. The aqueous layer was extracted with CH 2 Cl 2 . The organic layer was combined, dried over Na 2 SO 4 , filtered and concentrated in vacuo. The residue was semi-purified by flash silica gel column chromatography (5 : 1 hexanes/ EtOAc) to afford the crude dichloride as a colorless oil. A solution of the crude dichloride in THF (6.6 ml) was treated with TBAF (1.0 M THF, 1.32 ml, 1.32 mmol), and the reaction mixture was stirred at room temperature for 1 h and quenched with saturated aqueous NH 4 Cl. The resulting solution was partitioned between EtOAc and H 2 O. The aqueous layer was extracted with EtOAc, and the organic layers were combined, dried over Na 2 SO 4 , filtered and concentrated in vacuo. The residue was purified by silica gel flash column chromatography (5 : 1 hexanes/EtOAc) to afford 24 (86.0 mg, 65% for 2 steps) as a colorless oil. A solution of 24 (54.0 mg, 0.270 mmol) in CH 2 Cl 2 (2.7 ml) was treated with TEMPO (4.3 mg, 27.1 mmol) and PhI(OAc) 2 (131 mg, 0.410 mmol). The reaction mixture was then stirred at room temperature for 2.5 h and quenched with saturated aqueous Na 2 S 2 O 3 . The resulting solution was partitioned between CH 2 Cl 2 and H 2 O. The aqueous layer was extracted with CH 2 Cl 2 , and the organic layers were combined, dried over Na 2 SO 4 , filtered and concentrated in vacuo. 
